In utero ethanol exposure from a mother's consumption of alcoholic beverages impacts brain and cognitive development, creating a range of deficits in the child (Levitt, 1998; Lebel et al., 2012). Children diagnosed with fetal alcohol spectrum disorders (FASD) are often born with facial dysmorphology and may exhibit cognitive, behavioral, and motor deficits from ethanol-related neurobiological damage in early development. Prenatal ethanol exposure (PrEE) is the number one cause of preventable mental and intellectual dysfunction globally, therefore the neurobiological underpinnings warrant systematic research. We document novel anatomical and gene expression abnormalities in the neocortex of newborn mice exposed to ethanol in utero. This is the first study to demonstrate large-scale changes in intraneocortical connections and disruption of normal patterns of neocortical gene expression in any prenatal ethanol exposure animal model. Neuroanatomical defects and abnormal neocortical RZR␤, Id2, and Cadherin8 expression patterns are observed in PrEE newborns, and abnormal behavior is present in 20-d-old PrEE mice. The vast network of neocortical connections is responsible for high-level sensory and motor processing as well as complex cognitive thought and behavior in humans. Disruptions to this network from PrEErelated changes in gene expression may underlie some of the cognitive-behavioral phenotypes observed in children with FASD.
Introduction
Fetal alcohol spectrum disorders (FASD) describe a continuum of developmental defects in offspring caused by maternal consumption of alcohol during pregnancy (Hoyme et al., 2005) . FASD is a classification that includes fetal alcohol syndrome (FAS), partial FAS, fetal alcohol effects, alcohol-related neurodevelopmental disorder, and alcohol-related birth defects (Jones et al., 2010) . Children with FASD exhibit physical, cognitive, and behavioral deficits that may include learning disabilities, reduced IQ, facial dysmorphologies, mental retardation, and anxiety/depression (Green, 2007; Jones et al., 2010; Jacobson et al., 2011; Lebel et al., 2012) . The pervasive nature of FASD in society has led the World Health Organization to deem prenatal exposure to alcohol the leading preventable cause of mental retardation in Western civilization.
Recent reports indicate that up to 12% of US women drink while pregnant (CDC, 2012; Santiago et al., 2013; Waterman et al., 2013 ). This estimate is likely an underestimate as new, sometimes anecdotal, literature has infiltrated the media promoting the safety of drinking during pregnancy (Kelly et al., 2009 (Kelly et al., , 2012 Robinson et al., 2010; Skogerbø et al., 2012; Oster, 2013) . This literature conflicts with data from developmental biologists and neuroscientists who have outlined the deleterious effects of prenatal ethanol exposure (PrEE) in controlled human and animal studies (Galofré et al., 1987; Bailey et al., 2001; Zhou et al., 2003 Zhou et al., , 2005 Powrozek and Zhou, 2005; Hoffman et al., 2008; Livy and Elberger, 2008; Tochitani et al., 2010; Zucca and Valenzuela, 2010; Mah et al., 2011; Day et al., 2013) .
Developmental disorders are thought to arise from abnormal development of the neocortex, as it regulates complex behavior, cognition, and other high-level processes (Beckmann, 1999; Gillberg, 1999; Courchesne et al., 2005; Dawson et al., 2005; Pardo et al., 2005; Johansson et al., 2006; Pelka et al., 2006) . Early gene expression patterns the cortex and regulates the development of intraneocortical connections (INCs) that integrate sensorimotor information and underlie cortical function (Huffman et al., 2004; Dye et al., 2011a Dye et al., ,b, 2012 . We hypothesize that PrEE alters gene expression, which in turn produces errors in neocortical network development leading to behavioral change in a mouse model of FASD.
As predicted, our results demonstrate a dramatic positional shift of developing INCs where aberrant connections are observed between frontal, somatosensory, and visual cortex in newborn PrEE mice, a previously undiscovered PrEE-induced defect in neocortical organization and network development. Neocortical expression patterns of RZR␤, Id2, and Cadherin8, genes known to play a role in cortical patterning (Huffman et al., 2004; Dye et al., 2011a,b) , are also shifted in PrEE mice. The PrEE-induced INC and gene expression phenotypes found in mouse neocortex on the day of birth may contribute to abnormal behavioral markers for anxiety and sensorimotor integration observed in PrEE mice 20 d later. As these are common phenotypes of children with FASD, we suggest that these PrEE-induced cortical defects may contribute to the cognitive-behavioral deficits observed in children with FASD.
Materials and Methods
Mouse colony. All breeding and experimental studies were conducted in strict accordance with protocol guidelines approved by the Institutional Animal Care and Use Committee at the University of California, Riverside. All mice were maintained in a CD1 background originally purchased from Charles River Laboratories. Female postnatal day (P)90 mice were paired with male breeders initially; the male was removed from the cage after conception, when the vaginal plug was confirmed [noon of the day of plug detection was staged at gestational day (GD) or embryonic day (E)0.5]. The average time to conception was 3 d with a range of 0 -5 d. All timed pregnant female mice were subsequently housed individually, weight-matched and divided into two groups, experimental and control. For staging of pups, the day of birth was considered P0.
Dam ethanol administration. Experimental, ethanol-treated dams were provided an ethanol solution at noon on the day the vaginal plug was detected (GD 0.5) to the day of birth (GD 19.5) . The 25% ethanolin-water ethanol solution was provided ad libitum and self-administered by the dams, provided along with standard mouse chow, also ad libitum. Control dams were provided water and standard mouse chow ad libitum. Similar methods for generating a mouse model for FASD have been used previously (Galofré et al., 1987; Sbriccoli et al., 1999; Sari et al., 2001; Zhou et al., 2001; Powrozek and Zhou, 2005) . The goal for this study was to demonstrate the impact of maternal ethanol consumption on murine offspring in an effort to understand mechanisms underlying FASD. We did not establish the treatment based on a specific human consumption model of FASD but instead created a moderate-high consumption model in mice.
Daily dam intake and gestational weight gain measurement techniques. Daily measurements of liquid and food intake were recorded at noon to assess potential confounding nutritional differences between experimental and control groups. A feeding bowl with 30 g standard mouse chow was provided to each pregnant dam on GD 0.5. This chow was reweighed daily at noon, and replenished to the 30 g start point. Average daily experimental values for food intake were computed from the 20 daily data values ) and compared with controls using t test analyses (Fig. 1A) . Chow weights were measured using a standard Fisher Scientific scale. Average daily experimental values for liquid intake were computed from the 20 daily data values ) and compared with controls using t test analyses (Fig. 1B) . Liquid (25% ethanol-inwater or water alone) intake was measured using a graduated drinking bottle. Each dam's body weight on GD 0.5 was subtracted from her body weight on GD19.5 and this value was recorded as maternal gestational weight gain. Dam body weight was measured using a standard Fisher Scientific scale. Gestational weight gain values of all experimental dams were compared with controls using t test analyses (Fig. 1E) . Statistical significance for group differences among all dam measurements was set at p Ͻ 0.05.
Dam plasma osmolality measurement technique. Dam plasma osmolality was measured to rule out ethanol-induced dehydration, a potential confound in experimental dams. Whole blood samples taken from ethanol-exposed dams and control dams at GD 18.5 were added to icecold tubes and centrifuged at 4°C/1100 g for 10 min, obtaining a clear supernatant. Blood plasma osmolality was then measured using a Vapro 5520 vapor pressure osmometer (Wescor). Differences in plasma osmolality between ethanol-treated and control dams were computed using t test analyses (Fig. 1C) . Statistical significance was set at p Ͻ 0.05.
Dam BEC measurement technique. Maternal blood ethanol content (BEC) resulting from self-administration of a 25% ethanol in water solution or water only was determined enzymatically. Blood samples were collected from ethanol-treated and control dams at two different gestational time points, mid-gestation (GD 9) and late-gestation (just before live birth, GD 19) between 0900 and 1200 h. Whole blood (0.2 ml) was collected and immediately mixed with 1.8 ml of 6.25% trichloroacetic acid and centrifuged at 2000 rpm for 2 min to obtain supernatant. The sample was then mixed with an alcohol reagent (A7504-39; Pointe Scientific) and assayed immediately using a Nanodrop ND-1000 Spectrophotometer at 340 nm wavelength. Blood ethanol standards were created by mixing alcohol standard (104 mg/dl) with alcohol reagent and immediately assayed. Each sample was analyzed in duplicate and experimental . No significant differences (EtOH-treated, n ϭ 10; control, n ϭ 10). B, Average dam liquid intake (ml/d). No significant differences (EtOH-treated, n ϭ 10; control, n ϭ 10). C, Average dam plasma osmolality (mosm/kg). No significant differences (EtOH-treated, n ϭ 7; control, n ϭ 5). D, Average dam blood ethanol content (mg/dl) at GD9 and GD19. EtOH-treated dams (GD9 n ϭ 6, GD19 n ϭ 9) showed significantly higher BEC levels as compared with controls (GD9 n ϭ 5, GD19 n ϭ 7; **p Ͻ 0.001). On average, pregnant dams consumed 1.69 ml/d (SEM ϭ 0.0625) of 100% ethanol in a diluted solution. E, Average gestational weight gain (g). EtOH-treated dams (n ϭ 10) gained significantly less weight over the gestational period as compared with controls (n ϭ 10; *p Ͻ 0.05). F, Average litter size. EtOH-treated dams (n ϭ 11) delivered significantly smaller litters when compared with controls (n ϭ 10; *p Ͻ 0.05). Lower average EtOH-treated dam weight gain is related to decreased litter size and therefore not considered to be indicative of decreased caloric intake or malnutrition.
samples were compared with that of alcohol standard to determine blood ethanol concentrations. Pregnant nonethanol-treated dams were used as negative controls to insure proper assay analysis. Differences in BEC between ethanol-treated and control dams were computed using t test analyses (Fig. 1D ). Statistical significance was set at p Ͻ 0.05.
Pup measurement techniques and tissue preparation. On the day of birth, experimental and control pup litter size was recorded and each pup was weighed individually using a Fisher Scale. Pups to be used in the newborn INC and gene expression studies were killed via hypothermia and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. The brains were immediately removed from the skull, weighed, measured for cortical length using a micrometer, hemisected, and postfixed in 4% PFA for 6 h. One hemisphere per brain was used for anatomical tracing, and the other was step-immersed and stored in methanol at Ϫ20°C for in situ hybridization (ISH). Brain tissue used for anatomical tracing and ISH was obtained from pups of 21 experimental and 20 control litters to capture natural variability. A subset of pups from each litter were moved to the cage of a control dam that had just given birth, after her control pups were removed. Control dams were needed to foster PrEE newborn pups postnatally as pup mortality was high with ethanol-treated dams. Twenty PrEE pups were fostered and housed with a control foster mother until age P20 when behavioral assays commenced. Twenty-six control pups used in behavioral experiments were also cross-fostered for 20 d with control dams to eliminate any confounds associated with cross-fostering (Table 1) . Control and experimental pup measures of litter size, body, and brain weight, measured using a Fisher Scale, and cortical length, measured using a micrometer, were analyzed using t test analyses to assess group differences ( Fig. 1F;  Fig. 2 ). Statistical significance was set at p Ͻ 0.05.
Anatomical tracing techniques. To determine trajectories of INC development in the newborn mouse exposed prenatally to ethanol, single crystals of 1,1Ј-Dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine (DiI; Invitrogen) and 4-(4-(dihexadecylamino)styryl)-N-methylpyridinium iodide (DiA; Invitrogen) were placed in the developing sensory neocortex of one hemisphere. Dye crystals were placed in one of two locations using a coordinate grid for cross-case reliability: parietal lobe (putative somatosensory cortex) or occipital lobe (putative visual cortex). Because cortical length is decreased by ϳ10% in PrEE newborns, smaller crystals were placed into the PrEE cortices to account for the difference. The lengths of all crystals were measured using a micrometer and inserted into the cortex perpendicular to the layers to a depth where the tip of the crystal was just below the cortical surface. Methods for dye crystal placement have been described in detail previously (Huffman et al., 2004; Dye et al., 2011a Dye et al., ,b, 2012 . After dye placement, the hemispheres were immersed in 4% PFA and stored at room temperature for a period of 4 -6 weeks to allow for transport of tracer; retrogradely labeled cells in dorsal thalamic nuclei were visually verified in the hemisphere before sectioning. Brain hemispheres were embedded in low-melting point agarose and sectioned in the coronal plane into 100 m sections using a vibratome. Sections were stained with 4Ј, 6-diamidine-2-phenylindole dihydrochloride crystallized (DAPI; Roche), mounted onto glass slides, coverslipped with Vectashield mounting medium for fluorescence (Vector Laboratories), and digitally imaged (see Fig. 3 ). The size of dye placement locations (DPLs) and their associated spread were measured in the sections and recorded as a percentage of cortical length in each case. This analysis was done to ensure that the relative size of the DPL spread was consistent across control and experimental cases (see Fig. 6 A,C). Differences in somatosensory and visual DPL sizes in experimental and control cortices were computed using t test analyses. Statistical significance was set at p Ͻ 0.05. The location of the dye placement was verified for each and every case using thalamocortical labeling observed in sections of experimental and control brain hemi-sections (see Fig. 5 ). Specifically, it was of paramount importance that the DPL for one sensory region (for example, somatosensory) did not spread into neighboring visual cortex during the time allowed for tracer transport. As had been done previously (Huffman et al., 2004) putative somatosensory cortex DPLs were included in our analysis if retrogradely labeled cells were observed in the ventral posterior (VP) nucleus of the dorsal thalamus and retrogradely labeled cells were absent from other sensory nuclei, such as the lateral geniculate (LG) nucleus of the dorsal thalamus. Putative visual cortex DPLs were included in our analysis if retrogradely labeled cells were observed in the LG and retrogradely labeled cells were absent from other sensory nuclei, such as the VP. In this study, we did not systematically analyze thalamocortical connections for a PrEE phenotype; we used these parallel sensory pathways to aid in the differentiation of our putative somatosensory and visual cortex dye placements. Both DAPI counterstain and Cresyl violet (Nissl) was used to identify nuclear boundaries in dorsal thalamic tissue.
Analysis of dye tracings. All experimental and control sections were digitally imaged with three different filters using a Zeiss Axio Imager Upright Microscope equipped with fluorescence, and captured using a digital high-resolution Zeiss Axio camera (HRm) coupled to a PC running Axiovision software (version 4.7). Three filters used were as follows: blue for DAPI counterstain, red for DiI, and green for DiA labeling (excitation wavelengths: blue, DAPI 359 nm; red, Cy 3 550 nm; green, GFP 470 nm; emission wavelengths: blue, DAPI 461 nm; red, Cy 3 570 nm; green, GFP 509 nm). The three images were merged and saved in high-resolution TIF format. For the analysis of potential effects of PrEE on INCs at P0, we matched sections from experimental and control brains using DAPI stained landmarks such as the anterior commissure, anatomical divisions of the basal ganglia and hippocampus, rostral pole of the superior colliculus and presented the experimental and control raw data in a series, side by side (see Fig. 3 ). To illustrate our findings, we created 2 d reconstructions of the DPLs and retrogradely labeled cells from the section data, morphed into a lateral view of the neocortex (see Fig. 4 ). This technique, resulting in a "flattened" neocortex, has been used previously to illustrate the position of INCs and DPLs in sensory and motor neocortex of mice from embryonic ages to adult (Huffman et al., 2004; Dye et al., 2011a shows detailed methods). This neocortical flattening method effectively demonstrates putative boundaries of neocortical motor and sensory regions/areas in very young mice (Dye et al., 2011a) . To determine somatosensory and visual cortex projection zone size as a percentage of the whole cortex, distance to the most rostral and most caudal retrogradely labeled cells was measured using a micrometer for each dye injection (see Fig. 6 ) and calculated as a percentage of total cortical length. Analyzing projection zone size and DPL spread (described above) as a percentage of whole cortex controlled for group differences in cortical length. Differences in somatosensory and visual projection zone sizes in experimental and control cortices were computed using t test analyses. Statistical significance was set at p Ͻ 0.05.
Cell counting. Fluorescence microscopic images of control and experimental frontal cortex hemisections from P0 brains injected with DiI and DiA in the putative visual and somatosensory cortices were used for cell counts. Care was taken to ensure only stereotaxically identical sections were compared. Images were first converted to a binary format; the threshold was then adjusted allowing for the visualization of individual cells using ImageJ (NIH). Labeled cells within the cortex, intermediate zone, and upper subplate were then separated by electronically placing bins around each area. Cells were added to the bin in which 50% or more of the cell body was located, and then counted. The average number of retrogradely labeled cells within the cortical plate was presented (see Fig.  7 ), with between group differences calculated using t test analyses. Statistical significance was set at p Ͻ 0.05. Number of adult female mice used for dam measures (Fig. 1) . Number of pups used for body, brain weight, and cortical length assessments (Fig. 2) . Number of litters used for anatomical and gene expression studies. Number of P0 mice used for dye tracing/anatomical studies . Number of P0 mice used for gene expression/molecular studies (Figs. 8 - Fig. 9 ). P20 mice used for behavioral studies (Figs. 10 -11). x-fost., Number of cross fostered pups.
Gene expression assays/analyses. Gene expression assays in PrEE and control brains were conducted using standard protocols and methods for nonradioactive free-floating in situ RNA hybridization (Shimamura et al., 1994; Garel et al., 2003; Huffman et al., 2004; Dye et al., 2011a,b) . The following probes RZR␤, Id2 (gifts from John Rubenstein, University of California, San Francisco, CA) and Cadherin8 (Cad8, a gift from Masatoshi Takeichi, Riken Center for Developmental Biology, Japan) were used to identify patterns of neocortical gene expression in newborn mouse brain. To prepare tissue for in situ RNA hybridization, hemispheres reserved for hybridization (opposite hemispheres to those used in dye tracing studies) were embedded in gelatin-albumin and sectioned coronally at 100 m using a vibratome. After hybridization, all sections were mounted in glycerol onto glass slides, coverslipped, and digitally imaged. Matched-level control and PrEE sections were presented together to show the altered expression patterns in PrEE cortex (see Fig. 8 ). These data were reconstructed in a coronal section where expression patterns of all three genes in typical control and PrEE cases were overlaid to aid in interpretation of the in situ hybridization data (see Fig. 8 E1,E2 ). Gene expression within specific, highlighted regions of neocortex of control and PrEE mice was analyzed (see Fig. 9 ). Transcript density was measured with ImageJ software and statistically analyzed to assess group differences. First, raw images were converted to a binary format and adjusted to a standardized threshold. A region of interest (ROI) was then electronically drawn over areas of either the rostral or the caudal parietal cortex. Transcript signal presence was then measured, and reported as area fraction of total ROI. This technique was recently described in detail by Dye et al. (2012) .
Behavioral assays. In humans and nonhuman mammals, PrEE is associated with cognitive and behavioral deficits. To assess behavioral changes associated with prenatal ethanol exposure, we examined anxiety and sensorimotor integration function in adult PrEE mice through the use of two behavioral assays: the Suok test and the ledge test (see Fig. 10 ). These tests measure the animals' ability to integrate sensory inputs and motor outputs as well as anxiety (Wang et al., 2002; Wozniak et al., 2004; Kalueff et al., 2008; Glajch et al., 2012) . The Souk apparatus was constructed in accordance with specifications published previously (Kalueff et al., 2008; see Fig. 11A ). The apparatus consists of a smooth 2 m long aluminum rod, 3 cm in diameter, elevated to a height of 20 cm. The tube is separated into 10 cm segments by line markings and fixed to two clear acrylic end walls with a 20 cm virtual two-sector central zone around the placement point at the middle of the rod. Age P20 experimental PrEE and control mice were acclimated to the dimly lit behavioral room 1 h before testing. At the start of each 5 min testing period, animals were placed in the central zone with their snouts facing either end of the rod. Mice that fell off the rod were quickly repositioned on the apparatus in the same position and location. Several measures of behavior were observed and scored by trained researchers: (1) horizontal exploration activity, which included latency to leave the central zone and segments visited, (2) vertical exploration, which included the number of rears and wall leanings, (3) directed exploration as measured by side looks and head dips, (4) stereotyped grooming behavior proceeding uninterrupted in a cephalocaudal order, (5) risk assessment behaviors, indicated by stretch-attend postures, (6) vegetative responses, which included latency to defecate and number of defecations, and (7) sensorimotor ability, assessed by number of missteps and falls from the rod. Measures were recorded manually with stop-timers, with video recordings taken for backup. Following each trial, the apparatus was cleaned with 70% ethanol to remove olfactory cues. ANOVA with post hoc Student's t test was used to determine group differences on Suok measures (see Fig. 10A -E). Statistical significance was set at p Ͻ 0.05.
Immediately following the Suok test, animals were introduced to the ledge test apparatus (see Fig. 11 B, C) . The apparatus consists of a vertically stabilized sheet of clear acrylic, 50 cm long and 30 cm high, with a thickness of 0.7 cm. Time to fall was then measured. If the animal was successful in traversing the ledge from one end to the other and back, or if the animal maintained balance for a full minute, the maximum score of 60 s was assigned. Following each trial, the apparatus was cleaned with 70% ethanol to remove olfactory cues. ANOVA with post hoc Student's t test was used to determine group differences on the ledge test (see Fig.  10F ). Statistical significance was set at p Ͻ 0.05.
Results

Use of a novel mouse strain for FASD research
We mapped cortical gene expression and sensorimotor INC development in the neocortex of the CD1 mouse in detail from embryogenesis through adulthood (Dye et al., 2011a,b) and thus chose this murine strain for our FASD model. We demonstrate the efficacy of the model through multiple measures and have eliminated potential confounds (Fig. 1) . As humans vary in their genotypes, it can be advantageous to expand research in the field by extending beyond models of one or two mouse lines.
Dam and pup measures
To rule out potential confounds of nutritional differences between groups, we monitored daily food and liquid intake as well as dam plasma osmolality, blood ethanol content, gestational weight gain, and litter size in both ethanol-treated and control groups. There were no significant differences between ethanoltreated and control dams in food intake (control 4.91 Ϯ 0.17 g/d, PrEE 4.77 Ϯ 0.20 g/d), liquid intake (control 6.27 Ϯ 0.26 ml/d, PrEE 6.76 Ϯ 0.25 ml/d), or plasma osmolality (control 311 Ϯ 6 mosm/kg, PrEE 302 Ϯ 8 mosm/kg; Fig. 1, A-C) . On average, pregnant dams consumed 1.69 mls/d (SEM ϭ 0.0625) of 100% ethanol daily administered in a diluted solution. To ensure consistent ethanol exposure, BEC was recorded at two time points during gestation in ethanol-treated and control dams. Ethanoltreated dams showed significantly higher BEC values compared with controls at both time points ( Fig. 1D ; GD 9 control 0.0 Ϯ 0.0 mg/dl, GD 19 control 0.0 Ϯ 0.0 mg/dl, GD 9 PrEE 103.57 Ϯ 2.87 mg/dl, GD 19 PrEE 138.77 Ϯ 3.13 mg/dl; p Ͻ 0.001). Gestational weight gain was significantly lower in ethanol-treated dams compared with controls ( Fig. 1E ; control 26.83 Ϯ 2.08 g, PrEE 21.51 Ϯ 1.32 g; p Ͻ 0.05); however, this effect correlates with a reduction in litter sizes among ethanol-treated dams ( Fig. 1F;   Figure 2 . Average birth body weight, brain weight, and cortical length in PrEE and control newborn mice. A, Average pup body weight (g). PrEE pups (n ϭ 44) had significantly lower birth weights compared with controls (n ϭ 36, **p Ͻ 0.001). B, Average pup brain weight (g). PrEE pups (n ϭ 10) had significantly lower brain weights at birth compared with controls (n ϭ 11, **p Ͻ 0.001). C, Average pup cortical length (mm). PrEE pups (n ϭ 16) had significantly lower cortical lengths compared with controls (n ϭ 12, **p Ͻ 0.001).
control 11.7 Ϯ 0.73 pups, PrEE 7.36 Ϯ 0.97 pups; p Ͻ 0.05). In normal, untreated mice, reductions in litter size often result in higher pup weights; however, PrEE pups weighed significantly less than control newborns ( Fig. 2A ; control 1.75 Ϯ 0.06 g, PrEE 1.56 Ϯ 0.02 g; p Ͻ 0.001). Additionally, PrEE pup brain weights were significantly lower than brain weights of control pups, correlating with reduced body size ( Fig. 2B ; control 0.102 Ϯ 0.003 g, PrEE 0.088 Ϯ 0.001 g; p Ͻ 0.001). This was also correlated with a reduction in cortical length in the brains of PrEE pups; cortical lengths were significantly shorter, by ϳ10%, compared with controls ( Fig. 2C ; control 4.19 Ϯ 0.09 mm, PrEE 3.78 Ϯ 0.10 mm; p Ͻ 0.001).
Ipsilateral INCs in PrEE and control pups
A primary goal of this study was to characterize sensory INCs in newborn mice after prenatal ethanol exposure. Intraneocortical circuitry provides a foundation for complex sensorimotor integration in mammals and can be used to determine the boundaries of developing sensory and motor areas in the cortex of very young mice (Huffman et al., 2004; Dye et al., 2011a,b) . Our data demonstrate that normal development of INCs was dramatically altered by prenatal ethanol exposure. Specifically, aberrant connections of the developing somatosensory and visual cortical areas are seen on the day of birth after prenatal ethanol exposure. In PrEE mice, retrogradely labeled cells from putative somatosensory cortex DPLs are observed in abnormally caudal positions within cortex (compare Fig. 3 D1,D2 controls where no green cells are present with Fig. 3 D4,D5 PrEE; arrows indicate ectopic green DiA label in PrEE cortex, with putative somatosensory DPLs starred in Fig. 3 B1-B5 ). These DiA labeled INCs in PrEE cortex are located in positions far caudal to controls in most PrEE cases.
DiI retrogradely labeled cells from putative visual cortex DPLs in control mice (Fig. 3 D1,D2 , red DPLs starred) surround the DPL rostrally and caudally (Fig. 3D1-E1 , D2-E2, red label in cortex), yet remain segregated from green cells labeled after a somatosensory DPL (Fig. 3A1-C1 , A2-C2, green label in cortex). In PrEE newborn mice, however, DiI retrogradely labeled cells from putative visual cortex DPLs (Fig. 3D3-D5 , red DPLs starred) are seen in far rostral locations (Fig. 3A3-C3 , A4-C4, A5-C5, arrows highlight red label in rostral cortex). These labeled cell bodies projected their axons from an area within the frontal, motor cortex (Fig. 3A3-A5 ) and sensory-motor amalgam (Fig.  3B3-B5 ) to visual cortex, a projection pattern that does not exist in the normal mouse, at any age (Dye et al., 2011a,b) . The phenotype of aberrant labeling of INCs resulting from putative so- matosensory and visual cortex DPLs in brains of PrEE pups compared with control is illustrated in flattened lateral view reconstructions of five individual control cases and five individual PrEE cases (Fig. 4) . Several cases are presented here to match DPL size and location and to show the variability in control and PrEE INC patterns. Control patterns of INCs vary to a small degree based in the exact position and size of the DPL; whereas PrEE cases have what appears to be more internal phenotypic variability (for example, although red labeling is seen in rostral locations after visual cortex DPLs in all cases, some cases, like Fig. 4B1 ,B2 have milder phenotypes, whereas other cases, like B3,B4 have more pronounced phenotypes). This variability in PrEE-related effects is consistent with literature in human models. Variability aside, as this figure demonstrates, the INC network is greatly disrupted in PrEE newborn mice. Although recently a multisensory area has been discovered in adult murine cortex (Olcese et al., 2013) , there is no data to directly support the existence of this area in newborn cortex. As we have matched DPLs across many control and PrEE cases and only observed ectopic-labeled cells in PrEE cortices, we are confident our DPLs were within developing regions of somatosensory and visual cortex, rather than a multimodal region. All dye placements were verified as being within the borders of either putative somatosensory cortex or putative visual cortex via distinct retrograde labeling in either the VP or the LG of the dorsal thalamus, respectively (Fig. 5) .
Despite similar DPL sizes across groups (Fig. 6A , somatosensory DPL size in control brains ϭ 14.15 Ϯ 0.01% and PrEE brains ϭ 13.76 Ϯ 0.06%, no significant difference; and Fig. 6C , visual DPL size in control brains ϭ 14.45 Ϯ 0.02% and PrEE brains ϭ 14.46 Ϯ 0.04%, no significant difference), the projection zones of retrogradely labeled cells from DPLs in putative somatosensory and visual cortex in PrEE mice, as a percentage of total cortical length, were determined to be substantially greater then that of controls (Fig. 6B , projection zones for somatosensory DPLs in control brains ϭ 44.80 Ϯ 4.96%, and PrEE brains ϭ 65.38 Ϯ 2.42%, p Ͻ 0.05; Fig. 6D , projection zones for visual DPLs in control brains ϭ 41.36 Ϯ 1.04%, and PrEE brains ϭ 79.88 Ϯ 7.64%, p Ͻ 0.01). This shows a breakdown in the specificity of INC position in sensory cortex.
Ectopically labeled cells from putative visual DPLs were observed in the frontal cortex of all PrEE pups (Fig. 7B ), but not in controls (Fig. 7A) . Cell counts of the frontal cortical area showed a dramatic increase of labeled cells in PrEE animals when compared with controls ( Fig. 7C ; control 0 Ϯ 0 cells, PrEE 46.84 Ϯ 12.26 cells; p Ͻ 0.001).
Gene expression
At P0, a handful of genes expressed within neocortex have been implicated in neocortical development as well as arealization, with graded or regional expression correlating with developing areal boundaries (Dye et al., 2011a) . Included among these genes are RZR␤, Cad8, and Id2.
RZR␤ expression RZR␤ is expressed in a high rostral to low caudo-lateral cortical gradient with some differential expression correlating with so- matosensory cortical areas and marking the developing somatosensory/motor border in early postnatal mice (Dye et al., 2011a) . In P0 control mice, an RZR␤ expression gradient is observed in rostral sections (through caudal frontal cortex), with a noted absence in the most medial areas (Fig. 8A1, left arrow) . In this same section, lateral expression is shown to be moderate (Fig.  8A1, right arrow) . Rostral sections of parietal cortex show very light expression medially (Fig. 8B1 , left black arrow) and moderate to strong expression along the lateral border of the cortex, where putative rostral somatosensory cortex is located (Fig. 8B1 , black right arrow). Contrasting these findings, PrEE mice exhibit greater RZR␤ expression in rostral-medial cortex (compare Fig.  8compare A2, PrEE left arrow with A1, control left arrow) . Also, the lateral expression at this level is greater in PrEE brains compared with controls ( Fig. 8compare A2 , PrEE right arrow with A1, control right arrow). Additionally, a higher level of transcript in medial cortex is found in more caudal sections of the PrEE brain, in rostral parietal cortex (Fig. 8compare B2 , PrEE left black arrow with B1, control left black arrow). The medial boundary of high RZR␤ expression typically correlates with the developing medial border of somatosensory cortex in controls (Fig. 8 B1 , white arrow; for review, see Dye et al., 2011a) ; this RZR␤ boundary has shifted in PrEE neocortex (Fig. 8 compare B1 and B2, white arrows) suggesting a disorganization of normal cortical patterning and development. The region of increased RZR␤ expression located laterally in PrEE brains corresponds to somatosensory cortex and suggests a disruption of normal patterning (Fig. 8 compare B2, PrEE right black arrow with B1, control right black arrow). In normal mice, cells projecting to visual cortex at P0 are typically within RZR␤-positive zones, as RZR␤ expression at this age corresponds with putative visual cortex and is anti-correlated with motor cortex (for review, see Dye et al., 2011a) . In PrEE cortex, abnormal RZR␤ expression near the boundaries of developing somatosensory and motor cortex correlated with an area that sends abnormal projections to the putative visual cortex in our dye tracing studies (Figs. 3, 4, 8) . Atypical gene expression may generate the PrEE-related disruption in INC development, as the two processes have been linked in a previous report (Huffman et al., 2004) . Quantification of RZR␤ transcript density within regions of interest (in Fig. 9A1,B1 , boxed ROI) revealed a significant increase in area fraction in PrEE mice in both rostral (Fig. 9 A2 ; control 9.09 Ϯ 0.51%, PrEE 39.44 Ϯ 0.32%, p Ͻ 0.001), and caudal (Fig. 9 B2 ; control 7.87 Ϯ 0.24%, PrEE 46.01 Ϯ 3.32%, p Ͻ 0.01) sections of the putative motor and somatosensory cortex.
Cad8 expression Cad8 is strongly expressed in developing frontal, motor cortex in control mice (Dye et al., 2011a) . Typically, regions of strong RZR␤ and Cad8 expression do not overlap in this neocortical region at P0. However, we found a lateral extension of Cad8 expression in our PrEE cortices (compare Fig. 8C1,C2 , arrows marking the lateral edge of Cad8 expression). Patterns of RZR␤ and Cad8 expression at this level overlap slightly in the PrEE cortex compared with no overlap in the control (Fig. 8 E1,E2 ) demonstrating a disorganization of normal patterning. The shift in Cad8 expression is also documented statistically in our density measures, showing increased transcript in our PrEE ROI in Figure 9C1, boxed (Fig. 9C2, control 45 .15 Ϯ 3.21%, PrEE 67.45 Ϯ 2.00%; p Ͻ 0.05).
Id2 expression
In addition to abnormalities in RZR␤ and Cad8 expression, we found some differences in Id2 expression in PrEE neocortex. In control P0 mice, developing cortical layers 3 and 4 are negative for Id2 expression in rostro-medial cortex (Fig. 8D1, arrow) . However, PrEE mice show an extension of the lateral Id2-positive Figure 6 . Average cortical DPL spread and projection zones in control and PrEE P0 brains. A, Average spread of putative somatosensory cortex DPL. B, Average projection zone of retrogradely labeled cells from putative somatosensory cortex DPLs. C, Average spread of putative visual cortex DPL. D, Average projection zone of retrogradely labeled cells from putative visual cortex DPLs. All PrEE brains showed no significant difference in DPL spread when compared with controls indicating no difference in dye injection size (A, C). All PrEE brains had a significant increase in projection zone compared with controls indicating a lack of specificity of INC development in PrEE cortex (B, D; *p Ͻ 0.05, **p Ͻ 0.001). DPL spread and projection zones of labeled cells were taken as a percentage of entire cortical length in all cases; PrEE n ϭ 9, control n ϭ 8. zones within these layers (Fig. 8D2, arrow) . This can be seen relative to changes in RZR␤ and Cad8 expression in Figure  8E2 . The PrEE-related Id2-positive zone (Fig. 8D2, arrow) is in a proximate location to the abnormal overlap of RZR␤ and Cad8 (Fig. 8E2 ) and corresponds to a location of PrEE-induced ectopic dye labeling from a visual cortex DPL (Fig. 3) . The shift in Id2 expression is also documented statistically in our density measures, showing increased transcript in our PrEE ROI in Figure 9D1 , boxed (Fig. 9D2 , control 8.48 Ϯ 0.82%, PrEE 40.19 Ϯ 3.70%; p Ͻ 0.001).
Behavioral assays
After documenting PrEE-related phenotypes in the neocortices of newborn mice, we began behavioral experiments in P20 control and PrEE mice to determine the behavioral readout of our perturbation. Data from these studies of anxiety and sensorimotor behavior revealed elevated anxiety, as well as deficits in balance and sensorimotor integration in mice exposed to ethanol in utero. The anxiogenic effect of PrEE manifested itself in a number of measures from the Suok test (see Fig. 11A ). Stereotyped rearing/grooming events that progressed in the proper cephalo-caudal order in an uninterrupted "relaxed" manner, as opposed to rapid bursts of facial-only grooming, was scored for this test, revealing a decrease in PrEE animals compared with controls ( Fig. 10A ; control 1.72 Ϯ 0.24, PrEE 0.94 Ϯ 0.20, p Ͻ 0.05). This demonstrated increased anxiety in PrEE mice. PrEE mice also displayed significantly reduced directed exploration, indicative of elevated anxiety ( Fig. 10B ; control 70 Ϯ 4.57, PrEE 51.88 Ϯ 2.88, p Ͻ 0.05). Additionally, the latency, or time, to leave the central region of the Suok bar was significantly increased in PrEE mice when compared with controls, also characteristic of increased anxiety ( Fig.  10C ; control 3.75 Ϯ 0.73 s, PrEE 6.83 Ϯ 1.45 s, p Ͻ 0.05). Sensorimotor aptitude, assessed by the number of falls and missteps from the Suok apparatus, revealed significant deficits in PrEE subjects, which had significantly higher counts in each measure ( Fig. 10D,  falls ; control 1.00 Ϯ 0.35, PrEE 4.65 Ϯ 0.81, p Ͻ 0.01; E, missteps; control 10.40 Ϯ 3.88, PrEE 22.31 Ϯ 1.93, p Ͻ 0.01). Motor activity in PrEE animals, as measured by segments crossed, did not differ statistically from controls due to high variability (control 83.50 Ϯ 6.26, PrEE 98.53 Ϯ 10.01; data not shown). In a final test of sensorimotor integration, the ledge test (Fig. 11B,C) , PrEE mice demonstrated a reduced ability to maintain balance while traversing, or were immobile on the ledge when compared with control mice (Fig. 10F ; control 60.00 Ϯ 0.00, PrEE 49.14 Ϯ 4.84, p Ͻ 0.01).
Discussion
Maternal consumption of alcohol (ethanol) while pregnant poses significant risk to the health of the offspring (Lundsberg et al., 1997; Windham et al., 1997; Maconochie et al., 2007; Aliyu et al., 2008; Strandberg-Larsen et al., 2008) . PrEE induces cognitiveemotional deficits, behavioral disorders, motor dysfunction and developmental delays, implying disruption in neocortical function ( , 2012) . Although inroads have been made to correlate abnormal brain development with human FASD phenotypes, the examination of intraneocortical connections in an animal model of FASD is novel. This report demonstrates the impact of PrEE on the development of this network and relates it to changes in cortical gene expression and behavioral dysfunction. As neocortical processes support human cognitive, motor, and behavioral abilities, it has been hypothesized that abnormal neocortical patterning and organization may underlie developmental dysfunction in humans (Lewis and González-Burgos, 2008; Benvenuto et al., 2009; Cherkasova and Hechtman, 2009 ).
PrEE impacts pup morphology
Adequate nutrition and hydration was maintained in our ethanol-treated dams, yet they birthed smaller litters containing smaller pups with smaller brains, an effect consistent with rat and human data (Abel, 1978; Streissguth et al., 1994; O'Leary-Moore et al., 2010) . Although low birth-weight has been shown to delay development by slowing periphery-related thalamocortical patterning of the barrel field in early postnatal life (Hoerder-Suabedissen et al., 2008) , we do not feel that decreased birth weight impacts our anatomical or molecular results as the pattern of INCs in PrEE newborn neocortex is truly ectopic and not found during embryogenesis.
Abnormal INC development in PrEE newborns
PrEE alters development of sensory intraneocortical connections. Visual and somatosensory INCs begin to delineate areal boundaries at E16.5, and continue to change until ϳP3 where they maintain an adult-like form (Dye et al., 2011a,b) . In normal development, retrogradely labeled cells from these dye placements do not overlap. In newborn PrEE mice, however, this seg- regation of cells labeled from somatic and visual cortical area dye placements is disrupted and demonstrates a loss of modality specific organization without an overt change in thalamic input to these regions. These intraneocortical connections now overlap and appear disorganized, which could result in disorganized or atypical animal behavior.
The most pronounced INC phenotype in our PrEE model is the dramatic labeling of cells in frontal neocortex from dye placements in the putative visual area. This finding complements human PrEE data where changes in frontal cortical thickness were observed (Sowell et al., 2008) , and frontal lobe damage in the adult human alcoholic brain was documented (Sullivan and Pfefferbaum, 2005) . Frontal cortex regulates motor skill learning, decision-making, planning, judgment, attention, risk-taking, executive function, and sociality, processes greatly impacted by PrEE ( 
2012). Frontal cortex cells in PrEE mice
ectopically project to regions in visual cortex, possibly reflecting a defect in occipital patterning. PrEE-induced change in visual cortex function and visual attention task performance has been documented previously (Coles et al., 2002; Medina et al., 2003; Medina and Ramoa, 2005; Medina and Krahe, 2008) .
Cells labeled from putative somatosensory area dye placements were found in ectopically caudal locations in PrEE mice. PrEE-induced disorganization of rodent somatosensory cortex has been demonstrated (Galofré et al., 1987; Rema and Ebner, 1999; Margret et al., 2005 Margret et al., , 2006a Powrozek and Zhou, 2005; Oladehin et al., 2007) , and abnormal cognitive-behavioral characteristics of FASD children are linked to parietal dysfunction, possibly reflecting abnormal connectivity as we describe (Lawrence et al., 2008; Sowell et al., 2008; Hamilton et al., 2010; for review, Schneider et al., 2011) . Observation of a PrEE-induced disorganization in neuronal circuitry is novel and may underlie some aspects of sensorimotor, cognitive, and behavioral deficits observed in humans with FASD.
Potential mechanisms underlying the disorganized cortical circuitry in PrEE mice
The mechanisms responsible for abnormal developmental targeting of INCs in PrEE mice are unknown. One possibility lies with calcium channel function, which is known to impact axon growth and guidance cues. Altered calcium responses in growth cones have been observed after ethanol exposure, resulting in abnormal neuromorphogenesis associated with FASD (Mah et al., 2011). Calcium signal-related disruption in axon growth and/or guidance cues could impact targeting of intraneocortical axons leading to atypical development of cortical area borders and the physiological map (Margret et al., 2005 (Margret et al., , 2006a Xie et al., 2010) . This cascade of events could account for sensorimotor deficits observed in children with FASD (Franklin et al., 2008) .
Although the mechanisms that establish cortical areas are not fully understood, gene expression, of a particular set of genes, has been implicated in border and areal specification (Miyashita-Lin et al., 1999; O'Leary and Nakagawa, 2002; Garel et al., 2003; Grove and Fukuchi-Shimogori, 2003; Huffman et al., 2004; Sur and Rubenstein, 2005; Cholfin and Rubenstein, 2008; Piñon et al., 2008; Dye et al., 2011a Dye et al., ,b, 2012 . Of these, FGF8 has been shown to regulate the positioning of INCs across the cortical sheet by altering expression of other genes (Huffman et al., 2004) . Specifically, a mutation in FGF8 is correlated with changes in RZR␤ and Id2 expression, leading to ectopic targeting of INCs in early mouse development without a concomitant shift in thalamocortical afferents (Huffman et al., 2004) . Thus, shifts in gene expression observed in PrEE mice may underlie the defect Figure 10 . Behavioral measures in PrEE P20 mice. Significant group differences were found in measures of anxiety: A, Stereotyped rearing/grooming (Suok test); B, Directed Exploration (measured by side looks and head dips, Suok test); C, Latency to leave center zone (center zone is the starting location for all control and PrEE mice, Suok test). In all three measures, PrEE mice (n ϭ 20) showed increased anxiety compared with controls (n ϭ 26). Significant group differences were also found in tests of motor coordination and sensorimotor integration: D, Falls (Suok test); E, Missteps (Suok test); F, Ledge test. In all three measures, PrEE mice (n ϭ 20) showed decreased motor coordination and sensorimotor integration compared with controls (n ϭ 26); *p Ͻ 0.05, **p Ͻ 0.01. Figure 11 . Behavioral tests in PrEE P20 mice. A, Control mouse crossing the long elevated horizontal rod during testing on the Suok apparatus, to determine measures of anxiety (stereotyped rearing/grooming, directed exploration and latency to leave center portion of rod) as well motor coordination and sensorimotor integration (falls and missteps). B, PrEE mouse struggling to maintain balance on ledge apparatus. C, PrEE mouse traversing ledge apparatus during ledge test assay, exposing deficits in motor coordination of PrEE mice.
in INC development. Although a positional shift in cortical gene expression in a PrEE mouse model is novel, research has shown that expression of Pax6, a transcription factor involved in neuronal developmental processes, is greatly reduced after PrEE (Aronne et al., 2008) and expression of a sufficiently large number of placental genes is altered . PrEE leads to alterations in common signaling pathways and a reprogramming of genetic networks (Green, 2007) . Additionally, genes expressed in neocortex were up-or down-regulated by PrEE when a combined transcriptome analysis of fetal human and mouse cortex was conducted (Hashimoto-Torii et al., 2011) .
How might PrEE impact gene expression in the developing neocortex?
In this report, we document changes in expression patterns of RZR␤, Cadherin8, and Id2 induced by prenatal ethanol exposure. Changes in gene expression reported in this study may be caused by altered DNA methylation, an epigenetic modification that cells use to mediate gene expression (Moore et al., 2013) , cell differentiation, and embryonic development (Monk et al., 1987; Feng and Fan, 2009) . Methylation occurs at the fifth position of cytosine and is driven by three conserved enzymes, DNA methyltransferase 1 (DNMT1), DNMT3A, and DNMT3B, which together are responsible for its deposition and maintenance, a function required for normal development (Li et al., 1992; Okano et al., 1999) . Methyltransferase activity can be modified by exposure to ethanol; chronic exposure to ethanol is associated with reduced DNMT3B mRNA expression and hypermethylation in adults (Bönsch et al., 2006) . Embryonic exposure to ethanol has been shown to alter DNA methylation patterns at neurulation, with increased methylation of genes on chromosome 10 and X correlating with an increase in neural tube defects (Liu et al., 2009) . Furthermore, ethanol exposure impacts methyl donors (Mason and Choi, 2005) , highlighting a possible mechanism by which ethanol, through methylation, can drive downstream epigenetic modifications and alter gene expression, as we have seen in this study (Haycock, 2009 ).
Abnormal behavior in P20 PrEE mice
Exposure to ethanol during critical periods of brain development can cause deficits in cognition and behavior even in the absence of gross morphological effects. These deficits may not become apparent until the child has begun the educational years (Streissguth et al., 1984; Conry, 1990; Streissguth et al., 1990; Streissguth and O'Malley, 2000; Kodituwakku, 2007) . Humans with FASD and rodent models show deficits in sensory processing, social behaviors, motor learning and spatial functioning and often experience increased anxiety (Glavas et al., 2001; Kalberg et al., 2006; Hellemans et al., 2010 Hellemans et al., ,2010 Carr et al., 2010; Hamilton et al., 2010) . In our study, prenatal exposure to ethanol produced changes in cortical gene expression and connectivity in newborn PrEE mice as well as poor sensorimotor function and increased anxiety at a later age. Specifically, P20 PrEE mice had difficulty with fine motor coordination tasks as measured by the Suok and Ledge tests. Increased anxiety observed in P20 PrEE mice replicates anxiety data in PrEE rat models (Cullen et al., 2013) . Although we found atypical molecular and anatomical patterns in the neocortices of P0 PrEE mice and demonstrated a PrEErelated change in behavior at P20, these observations are, at this time, correlative. Until molecular and anatomical studies are conducted in the brains of P20 PrEE mice, caution must be taken in drawing causal relationships between the phenotypes.
In summary, prenatal ethanol exposure in mice produces biological phenotypes including reduced birth weight, brain weight, cortical length, and profound changes in neocortical gene expression, leading to abnormal development of intraneocortical circuitry. The precise development of the intraneocortical network is critical to cortical function, which, in turn is paramount for complex animal behavior. A defect in this network may underlie the disorganized cognitive and behavioral characteristics found in humans who suffer from FASD.
